Abstract-common assumptions in most of the previous robot controllers are that the robot kinematics end manipulator Jacobian are perfectly known and that the robot actuators are able to generate the necessary level of torque inputs. In this paper, an amplitude-limited torque input controller is developed for revolute robot manipulators with uncertainty in the kinematic and dynamic models. The adaptive controller yields semi-global asymptotic regulation of the task-space setpoint error. The advantages of the proposed controller include the ability to actively compensate for unknown parametric effects in the dynamic and kinematic model and the ability to ensure actuator constraints are not breached by calculating the maximum required torque a priori
I. INTRODUCTION For a robotic system to interact with and execute tasks in the workspace, a transformation between objects located in the workspace and the robot is typically required. Since the robot is controlled through inputs to the link actuators, the robot kinematics and manipulator Jacobian are used to relate a workspace coordinate system to coordinate systems attached to each actuator. A common assumption in most of the previous robot controllers is that the robot kinematics and manipulator Jacobian are perfectly known and that the robot actuators are able to generate the necessary level of torque inputs. The assumption that the robot kinematics and manipulator Jacobian are perfectly known limits robustness because measurement errors may lead to degraded performance or unpredictable responses. Moreover, this assumption limits the applicability of the controller since many manipulators may have the same kinematic structure but different kinematic parameters. The assumption that the robot actuators are able to generate the necessary level of torque is also limiting since robotic actuators have physical constraints. If the controller commands more torque than the actuators can supply, degraded or unpredictable motion control and thermal or mechanical failure may result.
Based on the need for controllers that take actuator constraints into account, several researchers have proposed amplitude limited controllers (e.g., see [7] -[91, [Ill, [131, [14] , [16] , [19] , and the references within). Specifically, Santibifiez and Kelly [16] , proposed a global asymptotic regulating controller that is composed of a saturated proportional derivative (PD) feedback loop plus an exact model Dixon et al. proposed an adaptive FSFB semi-global tracking controller. Each of the previous amplitude limited controllers target a joint-space control objective; hence, to achieve an objective defined in the task-space, the aforementioned controllers would require perfect knowledge of the manipulator forward kinematics and Jacobian.
From a review of literature, it seems few controllers have been developed that target uncertainty in the manipulator forward kinematics and Jacobian. For example in [4] -[6], Cheah et al. developed several approximate Jacobian feedback controllers that exploit a static, best-guess estimate of the manipulator Jacobian to achieve task-space regulation objectives despite parametric uncertainty in the manipulator Jacobian. As reported in [3] , a drawback of the controllers in [4] [5] [6] is that the task-space velocity of the robot endeffector is required to be measureable, and the controller in [SI requires the computation of an estimate for the Jacobian inverse. In [3] , Cheah et al. resolve these issues by developing a PD controller that exploits a static, best-guess estimate of the manipulator Jacobian to achieve a task-space regulation result.
In this paper, an amplitude-limited torque input controller is developed for revolute robot manipulators with uncertainty in the kinematic and dynamic models. The adaptive controller yields semi-global asymptotic regulation of the task-space setpoint error. As in the recent result in [3] , the controller does not require the task-space velocity of the robot end-effector to be measurable, does not require the inverse of the estimated Jacobian to be computed, and does not require exact model knowledge of the robot dynamics. The current result actively compensates for uncertainty in the gravity and static friction effects. In contrast to the use of a static, best-guess estimate as in [3] , the controller in this paper also exploits a feedfonvard control term that actively compensates for the parametric uncertainty in the Jacobian. The advantages of the proposed controller include the ability to actively compensate for unknown parametric effects in the dynamic and kinematic model and the ability to ensure actuator constraints are not breached by calculating the maximum required torque a priori.
ROBOT MODEL
The dynamic model for a rigid n-link, serially connected, direct-drive revolute robot is given as follows [I21
In (I), q ( t ) , @ t ) , 
where h(q) E Wm denotes the differentiable forward kinematics of the manipulator, and J(q) k -E Wmxn denotes the differentiable manipulator Jacobian.
The dynamic model introduced in (1) has the following properties that are used in the subsequent control development and analysis.
Property 1 : The positive definite and symmetric inertia ah matrix, satisfies the following inequalities
where ml, mz E W are known positive bounding constants, and 11. 11 is the standard Euclidean norm.
Property 2 The time derivative of the inertia matrix and the centripetal-Coriolis matrix satisfy the follow- where ( , , Cr, C,, C , E Ware known positive bounding constants, and Il.lli, denotes the induced infinity norm of a matrix. Remark I : Since the controller in this paper is developed for revolute robots, the terms M ( q ) , C(q,a, G(q), and J(q) are bounded for all possible p(t). That is, these terms only depend on q ( t ) as arguments of bounded trigonometric functions, and llJ(q)ll,a < 61 (8) where 61 E W is a known positive constant.
CONTROL DEVELOPMENT

A. Cantml Objective
As described previously, many robotic tasks are naturally defined in terms of the task-space. Since the robot controller is defined in the joint-space (i.e., as a motor current or a joint torque) the manipulator Jacobian is typically required to relate the task-space to the joint-space. The objective for the controller described in this paper is to regulate the end-effector of a robot manipulator to a desired task-space setpoint using an amplitude limited torque input despite uncertainty in the manipulator Jacobian and the dynamic model. To quantify this objective, a task-space setpoint error denoted by e ( t ) E W" is defined as follows (9) e P x -x d where z ( t ) was introduced in (2), and zd E Wm denotes the known, constant desired setpoint. As in [3] , the subsequent development is based on the assumption that z(t), q(t), and at) are measurable. Specifically, q(t) and at) can be obtained from encoder/tachometer sensors, and as in 131, x ( t ) could be obtained kom a camera system. 3840
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is given by the following expression a ae +-yJ(q,e)J(q)'$J(t) + Y J ( q , e ) $ J ( t ) (30) where (2) and (9) were utilized. Afier taking the norm of (30), the following expression can be obtained where ml and m 2 are defined in (3), 62 and 63 were defined in (16) and (29), respectively, C, E W denotes a subsequently defined, positive bounding constant, and (3), (17;, (19), (ZO), and (39) , the Raleigh-Ritz Theorem [IO] can be used to bound V ( t ) by the following inequalities be developed where X2(t) was defined in (42), and z ( t ) E R4 is given by Based on (53), the f i d sufficient condition for (50) can be expressed by the inequality in (38). For more details on the above semi-global stability argument, the reader is referred to [2], where a similar type of argument was utilized for a different problem.
From (53) it is clear that V ( t ) E L, ; hence, at), e(t), &t), i J ( t ) , $ ( t ) E L , . Since e(t) E L,, and the desired setpoint is constant, it is clear that z(t) E L , .
Since the development is directed at revolute robot$ q(t) only appears in h(q) in (2) as an argument of bounded trigonometric functions; hence, it is typically unclear how the boundedness of q(t) can be proven. However, the boundedness of q(t) is typically not a concern since q(t) only appears as an argument of bounded trigonometric functions in the controller. From (6) , (15), (23) - (25), and the preceding arguments, it is clear that &t), &t), J J ( t ) , J J ( t ) , 7(t) E L , . Moreover, (2) and the facts that at), J ( q ) E L, can be used to prove that qt), 4t) E L,;
hence, e(t) is uniformly continuous. From (51), (52), and the properties of the hyperbolic tangent, it is clear that @), e(t) E LZ [lo] . Since e(t), .@) E L , and e(t) E Lz, Furthermore, the adaptive weighting gain E can be selected arbitrarily small to satisfy the conditions given in (36>(38) ; hence, the magnitude of k, can be made arbitrarily small.
V. CONCLUSION
An amplitude limited controller was developed for robot manipulators despite uncertainty in the dynamic and kmematic models. The adaptive controller yields semi-global asymptotic regulation of the task-space setpoint error. The advantages of the proposed controller include the ability to actively compensate for unknown parametric effects in the dynamic and kinematic model and the ability to ensure actuator constraints are not breached by calculating the maximum required torque a priori.
